PURPOSE. Current understanding of the genetic risk factors for age-related macular degeneration (AMD) is not sufficiently predictive of the clinical course. The VEGF pathway is a key therapeutic target for treatment of neovascular AMD; however, risk attributable to genetic variation within pathway genes is unclear. We sought to identify single nucleotide polymorphisms (SNPs) associated with AMD within the VEGF pathway.
that may be influenced by a number of pathways. 3 Certainly, a greater understanding of the underlying molecular and genetic risk factors would aid in our ability to identify early individuals who will have aggressive disease and secondly allow for more targeted therapies to address this pathology.
The central pathophysiology of neovascular AMD, aberrant blood vessel growth clinically termed choroidal neovascularization (CNV), requires alteration of the local balance between angiogenesis stimulators and inhibitors, such that the formation of new vessels is favored. The predominant signaling pathway responsible for physiologic and pathologic ocular angiogenesis is the VEGF pathway. VEGF signaling mediates effect via a family of ligands that bind one or both of two tyrosine kinase receptors, the FLT1 and KDR genes (VEGFR1 and VEGFR2, respectively, in mice). 4 The KDR gene has strong tyrosine kinase activity, and is thought to be the primary mediator of angiogenesis. 5, 6 The FLT1 gene has very little kinase activity, but has a complex role during angiogenesis. Murine studies demonstrate that it primarily acts as a ''VEGF trap'' and, thus, a negative regulator of angiogenesis in the embryo. 7 In adult angiogenesis, FLT1 has a dual role whereby it has proangiogenic tyrosine kinase activity, though retains its suppressive function via a physiologic splice variant, termed soluble FLT1 (sFLT1). 6 Soluble FLT1 contains only the ligand binding domain and, therefore, functions as an endogenous VEGF inhibitor. [8] [9] [10] In addition to sFLT1, Vasohibin 1 (VASH1) is emerging as an important negative regulator of vessel growth. VASH1 is a secretory protein that is produced in a VEGF-dependent manner by vascular endothelial cells. 11 It has been shown to inhibit VEGF-mediated angiogenesis in vitro and in vivo via inhibition of migration and proliferation of endothelial cells. 12 These data are substantiated functionally in VASH1 knock-out mice, which demonstrate aberrant, vascularization extending beyond physiologic boarders. 13 Increased VEGF expression has been shown in the RPE and in the outer nuclear layer of the macula in early stages of AMD, before the onset of overt neovascularization as well once neovascularization has occurred.
14 Furthermore, overexpression of VEGF in the RPE of rats and mice leads to the development of CNV, and alternatively increased sFLT1 has been shown to decrease the formation of experimental CNV. 8, 15, 16 At present, to our knowledge there are no studies demonstrating a role for VASH1 in AMD predisposition or pathogenesis. However, laser-induced models of CNV in mice have shown that VASH1 is upregulated within the retina following laser insult, and that its expression correlates temporally with regression of the CNV lesions. 17 Furthermore, increased intraocular expression of VASH1 suppressed retinal neovascularization in monkey and rat models of ischemic retinopathy. 11, 18 Thus, these angiogenesis mediators are relevant to the disease pathogenesis of AMD and, therefore, they may represent novel genetic predictors of disease.
Current therapies for neovascular AMD target established aberrant blood vessel growth through antibody-based inhibition of VEGF and demonstrate a range of efficacy. [19] [20] [21] Indeed, for a subset of patients, these therapies result in stable to improved visual acuity without the need for ongoing treatment. 20, 21 However, the majority of patients require indefinite treatment or demonstrate progression of disease despite treatment. [20] [21] [22] Therefore, a better understanding of the predisposing genetic factors important for development of AMD and genetic biomarkers useful in the identification of those at risk is vital to identifying individuals likely to develop neovascular disease and perhaps predicting their response to therapy. Continued study of genetic variation in AMD may also lead to disease prevention.
At present, variants within CFH and HTRA1/ARMS2 genes appear to be the genetic risk factors associated most strongly with AMD. [23] [24] [25] [26] However, variation at these 2 loci is not strongly predictive of specific phenotypic manifestations of AMD. Therefore, our current understanding of the predisposing genetic risk factors is insufficient. Furthermore, these polymorphisms are not associated significantly with the final common pathology of aberrant blood vessel growth.
Due to the specific nature of the pathology in neovascular AMD, assessment of VEGF pathway variants that correlate with the neovascular disease state may allow for greater understanding of genetic risk factors and overall pathophysiology. Several polymorphisms within and around VEGFA have been associated with AMD, a number of which have been postulated to be disease modifiers, [27] [28] [29] [30] [31] [32] including the largest genome-wide association study (GWAS) to date by the AMD Gene Consortium, which found two single nucleotide polymorphisms (SNPs) within linkage disequilibrium (LD). 24 Additionally, preliminary work within the northern Indian subcontinent population demonstrates an SNP within KDR (rs1531289) that is associated significantly with AMD showing disproportionate levels within neovascular AMD. 33 Although an association between FLT1 SNPs and response to AMD treatment is described, 19 to our knowledge there have been no studies showing association between FLT1 SNPs and risk of AMD. Despite these findings, other studies have failed to find an association with VEGF pathway polymorphisms, including, FLT1, and neovascular AMD. 31, 34 The role of genetic variation within the VEGF pathway and AMD risk remains an unresolved and important question with treatment implications going forward. We hypothesized that genetic risk of neovascular AMD is present within the VEGF pathway as it is fundamental to the balance between pro-and antiangiogenesis signaling.
METHODS

Family-Based Patient Cohort
The protocol was reviewed and approved by the Institutional Review Boards at the Massachusetts Eye & Ear Infirmary (MEEI; Boston, MA, USA), and the University of Utah (Salt Lake City, UT, USA), and conforms to the tenets of the Declaration of Helsinki. Eligible patients were enrolled in this study after they gave informed consent either in person, over the phone, or through the mail, before answering questions to a standardized questionnaire and donating 10 to 50 mL of venous blood.
Details of the recruitment of the sibling pairs (the New England Sibpair Cohort; NESC), comprised mainly of individuals of European ancestry, have been described in detail previously. 35, 36 Briefly, disease status of every participant was confirmed by at least two investigators by evaluation of fundus photographs or fluorescein angiograms, except when one of the investigators directly examined an unaffected sibling during a home visit (n ¼ 4 cases).
All index patients were 50 years of age or older and had the neovascular form of AMD in at least one eye, defined by subretinal hemorrhage, fibrosis, or fluorescein angiographic presence of neovascularization. Patients whose only neovascular finding was a RPE detachment were excluded, because this finding may not represent definite neovascular AMD. Patients with signs of pathologic myopia, presumed ocular histoplasmosis syndrome, angioid streaks, choroidal rupture, any hereditary retinal diseases other than AMD, and previous laser treatment due to retinal conditions other than AMD, also were excluded. The unaffected siblings had normal maculae and were at least 65 years or older at the time at which the index patient was first diagnosed with neovascular AMD. These criteria are based on published epidemiologic studies that indicate that elderly individuals with such maculae rarely go on to have neovascular AMD during a 10-year follow-up. Unaffected maculae fulfilled the following criteria: 0 to 5 small drusen (all less than 63 l in diameter), no pigment abnormalities, no geographic atrophy, and no neovascularization (as defined previously; AMD ''category 1 or less'' on the AREDS scale). 3 
Replication Cohorts
Replication of significant findings was performed on an additional family-based cohort and two unrelated case-control cohorts. The second family-based cohort, the Belfast Sibpair Cohort (BSC), was recruited from Northern Ireland and details have been described previously. 38 The central Greece cohort (Greek), as described previously, 39 includes patients recruited from Larissa, Greece. The Korean cohort (Korean) was recruited from the Seoul National University Bundang Hospital (SNUBH; Seoul, Kores) retina clinic from July 2008 to October 2010 and has yet to be described in detail. 24 Briefly, all patients underwent comprehensive ophthalmologic evaluation, including measurement of best-corrected visual acuity, slit-lamp biomicroscopy, indirect fundus exam, fluorescein angiography (FA), indocyanine green angiography (ICGA, Heidelberg Retina Angiography; Heidelberg Engineering, Heidelberg, Germany), and optical coherence tomography (OCT, Spectralis OCT; Heidelberg Engineering). Other retinal or choroidal diseases, including pathologic myopia, angioid streaks, presumed ocular histoplasmosis, or secondary CNVs, were excluded. Subjects without any sign of AMD were enrolled as control. They had no drusen or pigment abnormalities in the fundus photograph and/or OCT. Table 1 shows descriptive statistics for each cohort.
SNP Selection
Initially, in a smaller subset of the NESC (n ¼ 135 sib pairs discordant for neovascular AMD), a tag SNP (TagSNP) approach was used that encompassed the entire genomic sequence of each gene, including at least À1000 base pairs (bps) upstream region from the transcription start site and þ600 base pairs to encompass the 3 0 -untranslated region. The TagSNPs were selected using the tagger pairwise method, with r 2 > 0.8 and minor allele frequency > 0.05 to capture variation within each gene. This was based on the CEU population from the publicly available HapMap data (Rel 23a on NCBI B36, available in the public domain at http://hapmap.ncbi.nlm.nih.gov/downloads/ index.html.en accessed November 6, 2008) . Briefly, TagSNPs were chosen to cover the 193,442 bp of the FLT1 gene (Ensembl gene accession number; ENSG00000102755), the 20,823 bp of the VASH1 gene (ENSG00000071246), the 16,279 bp of the VEGFA gene (ENSG00000112715), and the 47,104 bp of the KDR gene (ENSG00000128052). In addition to the TagSNPs, further SNPs were chosen due to their previous association with AMD or other related diseases. The SNPs rs13207351, rs1570360, rs2010963, rs1413711, rs833070, rs735286, rs3025020, rs3025021, and rs3025039 in the VEGFA gene were chosen for their previous association with AMD. 40 The SNP rs1870377 in KDR gene was for previous association with coronary heart disease. 41 The SNP C519T in the FLT1 gene was chosen for its association with FLT1 expression. 42 After analyzing the first group of SNPs, additional TagSNPs were chosen based on the following criteria: surrounded SNPs that were initially significant (P < 0.05), had a minor allele frequency of at least 10%, and also tagged for at least 6 other SNPs. The additional SNPs tested that fit these criteria were rs622227, rs7324510, rs9943922, and rs10871266 in the FLT1 gene. Additionally, direct sequencing was performed on exons 4, 5, 9, 10, and 11, as well as at least 100 bps surrounding exonic/intronic boundaries due to significance found in that region in the initial screening of TagSNPs. Direct sequencing also was performed on the promoter and exon 1 of VASH1 and VEGFA. 
Genotyping Analysis
Genotyping was performed on leukocyte DNA that was purified by using standard phenol-chloroform or DNAzol (Invitrogen, Carlsbad, CA, USA) extraction protocols. Multiplex PCR assays were designed using Sequenom SpectroDESIGNER software (version 3.0.0.3; Sequenom, San Diego, CA, USA) by inputting sequence containing the SNP site and 100 bp of flanking sequence on either side of the SNP. Briefly, 10 ng of genomic DNA was amplified in a 5 uL reaction containing 31 HotStar Taq PCR buffer (Qiagen, Valencia, CA, USA), 1.625 mM MgCl2, 500 uM each dNTP, 100 nM each PCR primer, and 0.5 U HotStar Taq (Qiagen). The reaction was incubated at 948C for 15 minutes followed by 45 cycles of 948C for 20 seconds, 568C for 30 seconds, 728C for 1 minute, followed by 3 minutes at 728C. Excess dNTPs then were removed from the reaction by incubation with 0.3 U shrimp alkaline phosphatase (USB Corporation, Cleveland, OH, USA) at 378C for 40 minutes followed by 5 minutes at 858C to deactivate the enzyme. Single primer extension over the SNP was carried out in a final concentration of between 0.625 uM and 1.5 uM for each extension primer (depending on the mass of the probe), iPLEX termination mix (Sequenom), and 1.35 U iPLEX enzyme (Sequenom), and cycled using a two-step 200 short cycles program; 948C for 30 seconds followed by 40 cycles of 948C for 5 seconds, 5 cycles of 528C for 5 seconds, and 808C for 5 seconds, then 728C for 3 minutes. The reaction then was desalted by addition of 6 mg cation exchange resin followed by mixing and centrifugation to settle the contents of the tube. The extension product then was spotted onto a 384-well SpectroCHIP (Sequenom) before being flown in the MALDI-TOF mass spectrometer. Data were collected, real time, using SpectroTYPER Analyzer 3.3.0.15, SpectraAQUIRE 3.3.1.1, and SpectroCALLER 3.3.0.14 (Sequenom). Additionally, to ensure data quality, genotypes for each subject also were checked manually.
For direct sequencing, oligonucleotide primers were selected using the Primer3 program (available in the public domain at http://primer3.sourceforge.net/) to encompass the exon and flanking sequences. All PCR assays were performed using genomic DNA fragments from 20 ng of leukocyte DNA in a solution of 310 PCR buffer containing 25 mM of MgCl 2 , 0.2 mM each of dATP, dTTP, dGTP, and dCTP, and 0.5 units of Taq DNA polymerase (USB Corporation). Then, 5 M Betaine was added to the reaction mix for rs2414687 (Sigma-Aldrich, St. Louis, MO, USA). The temperatures used during the polymerase chain reaction were as follows: 958C for 5 minutes followed by 35 cycles of 588C for 30 seconds, 728C for 30 seconds, and 958C for 30 seconds, with a final annealing at 588C for 1.5 minutes and extension of 728C for 5 minutes. For sequencing reactions, PCR products were digested according to manufacturer's protocol with ExoSAP-IT (USB Corporation) then were subjected to a cycle sequencing reaction using the Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) according to manufacturer's protocol. Products were purified with Performa DTR Ultra 96-well plates (Edge Biosystems, Gaithersburg, MD, USA) to remove excess dye terminators. NextGen sequencing was performed on exonic regions using methods that have been described previously. 43 For direct sequencing, samples were sequenced on an ABI Prism 3100 DNA sequencer (Applied Biosystems). Electropherograms generated from the ABI Prism 3100 were analyzed using the Lasergene DNA and protein analysis software (DNASTAR, Inc., Madison, WI, USA). Electropherograms were read by two independent evaluators without knowledge of the subject's disease status. All patients were sequenced in the forward direction (5 0 to 3 0 ), unless variants or polymorphisms were identified, in which case confirmation was obtained in some cases by sequencing in the reverse direction.
sFLT1 Analysis
Serum samples were collected, aliquoted, and frozen at À80. The levels of sFLT1 were determined on a subset of samples from the discovery cohort (n ¼ 322) quantitatively with a Quantikine ELISA kit (sVEGFR1/Flt-1, catalog #SVR100B; R&D Systems, Minneapolis, MN, USA). The samples were assayed following the manufacturer's protocol exactly, using 100 ll of serum per well. Plates were read on a BioTek Synergy 4 (BioTek, Winooski, VT, USA) plate reader at 450 nm with wavelength correction. The corrected optical density readings for samples, controls, and standards, were imported into Prism GraphPad (GraphPad Software, Inc., La Jolla, CA, USA), which interpolated optical densities for all unknowns based on the standard curve.
Statistical Analyses
Deviation from Hardy-Weinberg Equilibrium (HWE) was tested for each SNP using the v 2 test in unaffected subjects only. The SNPs were tested for association using the minor allele, as defined by the allele occurring less frequently in the unaffected subjects, for all cohorts examined. Initial testing of association between the variation and neovascular AMD in a subset of 135 sibling pairs from the NESC (discovery cohort) was performed using Family Based Association Tests (FBAT). For validation in the sibling cohorts, allelic associations were performed using conditional logistic regression (CLR) in SAS (v9.2; SAS Institute, Inc., Cary, NC, USA). For replication in the unrelated case control cohorts, allelic associations were performed using logistic regression in SAS. Separate association tests were performed for dry AMD, neovascular AMD, and all AMD subtypes together. All haplotypic associations were performed using the program UNPHASED (available in the public domain at http://www.mrc-bsu.cam.ac.uk/personal/frank/software/ unphased/). For the family data, the model for sibships was used. UNPHASED uses likelihood ratio association analysis, and sibships uses nuclear families with missing parental genotype data. 44 For the most significant SNPs, haplotype analysis was performed with a sliding window approach.
Additionally, to test for the effects of the VEGF pathway as a whole, a binning approach was used similar to the Data Adaptive Sum (DAS) method. 45 The most significant SNP from each gene in the pathway was selected and combined with the SNPs from the other genes to create a binned pathway variable, which was tested for its association with AMD.
Haploview (available in the public domain at http://www. broad.mit.edu/mpg/haploview/) was used to generate the linkage disequilibrium plots for each of the genes tested.
Replication of significant findings was performed in 3 additional separate cohorts. Meta-analysis was performed for SNPs genotyped in all four cohorts using the program Comprehensive Meta-Analysis v2 (Biostat, Englewood, NJ, USA). Z scores and overall P values for each SNP were calculated under a fixed model based on individual odds ratios (ORs) and confidence intervals (CIs) for each cohort, as calculated in SAS. To test for the effects of population heterogeneity, Cochran's Q also was calculated, which is the weighted sum of squared differences between individual study effects and the pooled effect across studies. Factors showing significant heterogeneity were evaluated under a random effects model. Serum soluble FLT1 outliers were considered outside 3 SDs from the mean and, thus, were remeasured to confirm. The confirmed measurements were analyzed as a continuous variable and tested for association with AMD in the sibpairs using CLR. Unadjusted and analyses adjusted for age and sex were performed. Additionally, sFLT1 was tested for interaction with the significant SNPs by adding an interaction term into the CLR model.
In Silico Splice Site Analysis
The FLT1 mRNA sequence was obtained via ENSEMBL Build36 accessed on 4.1.13. The FLT1 RNA sequence with either the common or minor (SNP) allele for each of the five significant FLT1 SNPs was assessed. Analysis was performed using the Berkeley Drosophila Genome Project splice site prediction software (available in the public domain at http://www.fruitfly. org/) with a minimum score of 0.4 for the 5 0 and 3 0 splice sites for all five significant SNPs; data reported for rs7324510 were generated using a minimum score of 0.4 for the 5 0 and 3 0 splice sites; however, as splicing changes were initially not noted with a score of 0.4. A second analysis was performed on the same sequence data using Alternative Splice Site Predictor (ASSP, available in the public domain at http://wangcomputing. com/assp/index.html) using a false splice site cutoff for acceptor sites of 2.2 and false splice site cutoff for donor sites of 4.5.
46
RNA Secondary Structure Analysis
The FLT1 mRNA sequence was obtained via ENSEMBL Build36 accessed on 4.1.13. One KB of FLT1 RNA sequence flanking either the common or the minor (SNP) allele for each of the five significant FLT1 SNPs was assessed. Analysis was performed using CentroidFold (available in the public domain at http://www.ncrna.org/centroidfold).
Methylation Analysis
The FLT1 mRNA sequence was obtained via ENSEMBL Build36 accessed on 4.1.13. Assessment of peak methylation sites was performed using the Human Histone Modification Database (available in the public domain at http://202.97.205.78/hhmd/ index.jsp). The bp locations demonstrating peak methylation were compared to SNP location to assess for alterations. 
Animal Maintenance
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed as described previously. 47 The FLT1 response element (RE) binding site was identified using a classic binding motif of Nr2e3 (AAGTCA[n1-4]AAGTCA) and a general nuclear hormone receptor response elements as determined algorithmically by NUBIscan (M. Podvinec and University of Basel, Basel, Switzerland). The RE sites were evaluated at a maximum of 30 kb upstream of each gene's start site to intron 1.
Quantitative Real-Time PCR
Quantitative RT-PCR was performed using 1 ll of 1:100 dilution (input) and 1:10 dilution (samples and IgG control) using conditions described previously. 47, 48 All sample data were normalized to Ig control. Briefly, retinas were dissected rapidly after eye enucleation and placed in Trizol (Invitrogen) for RNA extraction. Eyes were collected consistently in the early afternoon for each animal to eliminate variability due to circadian expression. Total RNA (2 lg) was reverse transcribed using Retroscript (Ambion, Austin, TX, USA). Real-time PCR was performed in technical triplicates with a minimum of three biological replicates using SYBR Green PCR master mix (Applied Biosystems). Reactions were quantified using a Roche 480 LightCycler (Roche Applied Sciences, Indianapolis, IN, USA) real-time PCR instrument. Relative expression levels were normalized to the amount of b-actin expressed and fold change relative to wild-type C57BL/6J control was calculated using the delta Ct method. Standard error was calculated to determine statistical significance.
RESULTS
Identification of SNPs Significantly Associated With the Neovascular AMD Phenotype
Tag SNPs were identified using the HapMap for the VEGF pathway genes KDR, VEGFA, VASH1, and FLT1. Using these tag SNPs within the discovery subset of the NESC cohort (n ¼ 135 sibpairs discordant for neovascular AMD), variation was observed within 99 SNPS within these four genes, including deletions and insertions in the VEGF-signaling pathway (see Supplementary Table S1 ). No SNPs showed deviation from HWE. Initial single SNP analysis showed modest associations between neovascular AMD and one SNP in KDR, four SNPs in VEGFA, and one SNP in VASH1, but these results did not remain significant after correcting for multiple testing. After correcting for multiple testing, single SNP analysis showed significant associations between five FLT1 SNPs and neovascular AMD. The most significant association was seen in rs9508034, which was shown to increase risk of neovascular AMD 2.3-fold (P ¼ 0.0078) under a dominant genetic model. Replication of the FLT1 SNPs in the remainder of the NESC, including all AMD subtypes, included 12 SNPs; those that were significant in the original analysis (either significant individually or as part of a significant haplotype defined by the Gabriel rule: rs638889, rs732184, rs9513115, rs9513113, rs9554330, rs2281827, rs9508034, and rs11149523) and the second set of TagSNPs chosen to determine the contribution of further variation in this region (rs1087266, rs9943922, rs7324510, and rs622227). From this replication, 7 SNPs remained significantly associated with neovascular AMD and, thus, were genotyped in the remaining replication cohorts: VASH1 rs2270324, VEGFA rs2010963, and FLT1 SNPs rs9943922, rs9508034, rs2281827, rs7324510, and rs9513115. The resulting genotyping and analysis showed that five FLT1 SNPs remained significantly associated with neovascular AMD in the NESC and/or Greek cohorts, while the VEGFA and VASH1 SNPs did not (Table 2) . Specifically, the minor alleles of the FLT1 SNPs rs9943922, rs9508034, rs2281827, rs7324510, and rs9513115 were all significantly associated with increased risk of all AMD subtypes 
(data not shown), but most significantly the neovascular AMD phenotype in meta-analysis of the 4 cohorts. Each of the five significant FLT1 SNPs was most significantly associated with neovascular AMD under a dominant model, indicating that the effect was not dose-dependent. 49, 50 The most significant of these SNPs, rs9943922, was shown to increase risk of neovascular AMD by 1.481-fold (P ¼ 0.0037), which was similar for the other significantly associated SNPs. Most importantly, for each FLT1 SNP, the results of metaanalysis of the four cohorts produced more significant associations than were found in any one cohort alone. Additionally, in each of the four cohorts, the dominant model showed the same direction of effect, increased risk, and there was no evidence of heterogeneity in any of the comparisons or across comparisons, as the P value of Cochran's Q was not significant (P > 0.05). Results of the binned SNP pathway analysis and haplotype analysis showed that no binned variable or haplotype was more significant than any single SNP (results not shown).
The LD was high between SNPs rs9508034 and rs2281827, and SNPs rs7324510 and rs9513115 in all cohorts, indicating two distinct signals (r 2 > 0.74 for all, Supplementary Fig. S1 ). In the Korean cohort, these SNPs were all in high LD, indicating one signal. Therefore, LD was similar among the Caucasian cohorts, but not with the Korean cohort.
Functional and In Silico Analysis of Significant FLT1 SNPs
To determine if presence of the five significant FLT1 variants correlated with systemic FLT1 expression, sFLT1 was measured in the serum of patients within the discovery cohort using ELISA. This analysis demonstrated no significant association between sFLT1 levels and AMD (Table 3) . Interestingly, there was significant interaction between sFLT1 and FLT1 SNPs rs9943922 and rs7324510 (P < 0.01). Specifically, normal subjects homozygous for the risk alleles at FLT1 SNPs rs9943922 and rs7324510 had significantly higher sFLT1 (Fig.  1) .
To understand the possible functional role for the five significant FLT1 SNPs, we performed targeted genomic and in silico analysis. Sequencing of the flanking exonic and intronic/ exonic boundary genomic DNA for each of the five SNPs demonstrated no functional mutations in linkage disequilibrium. Further analysis of these SNPs revealed no evidence of changes to areas of peak methylation as determined by the Human Histone Modification Database. To determine if presence of the significant FLT1 SNPs results in a splicing change, constitutive splice sites within 200 bp flanking either the major or minor allele for each of the FLT1, SNPs was done using the Berkley Drosophila Genome Project. This analysis 
demonstrates a change in predicted acceptor site for SNP rs9508034 located within intron 10. It further demonstrates creation of novel acceptor and donor sites within intron 4 in the presence of the rs7324510 minor allele. Analysis of the same sequence data using the ASSP demonstrated generation of a novel acceptor splice site for SNP rs9508034 when compared to the common allele (TTCATCACAGAGCAGG CACT; minor allele is denoted with underlined nucleotide). 46 To assess for potential changes in RNA secondary structure, analysis of predicted RNA secondary structure for each of the five FLT1 SNPs was performed using tools available in the public domain at www.ncRNA.org. Assessment based on 500 bp of RNA sequence flanking either the common or minor allele reveals changes to the predicted RNA secondary structure and required folding energy for all of the significant FLT1 SNPs. In this analysis, SNPs rs9508034, rs2281827, and rs9513115 showed a decreased energy of folding for the minor allele when compared to the major allele, while rs9943922 and rs7324510 demonstrated an increased energy requirement for proposed minor allele secondary structure. We also assessed for predicted RNA secondary structure of the minor versus major allele SNP sequences based on homologous sequences of the target. 51 In this analysis only SNPs rs9508034 and rs2281827 demonstrated a change in their predicted secondary structures for the minor versus major allele sequences.
Our prior studies and those of others have demonstrated the nuclear hormone receptor Nr2e3 as a key regulator of retinal development and function. [52] [53] [54] [55] Further, our recent studies have implicated Nr2e3 in modulating gene networks related to AMD. 39, 56 To identify factors regulating FLT1 expression, we performed chromatin immunoprecipitation using normal mouse retinas from C57BL/6J animals. We identified a consensus Nr2e3 binding response element (AAGTCANAAGTCA) in the 5 0 untranslated region of FLT1 and determined that Nr2e3 binds to and, therefore, may regulate expression of FLT1 (Fig. 2) .
DISCUSSION
Herein, we described five SNPs within the FLT1 gene that were more significant in meta-analysis than in any one of the 4 cohorts for risk of neovascular AMD. Additionally, these cohorts, although diverse in ethnicity, showed no statistically significant heterogeneity, as evidenced by a nonsignificant Cochran's Q test. Though initially significant in the discovery cohort, other SNPs identified within VEGF pathway genes, including KDR, VEGFA, and VASH1, did not demonstrate significance in the replication cohorts. Therefore, these data suggest that in the present study genetic variation within the FLT1 gene, but not KDR, VEGFA, or VASH1 genes, may predispose to neovascular AMD. Interestingly, the most significant genetic model was a dominant model indicating that presence of at least one risk allele at each of these variants produces the most risk and that the effect is not dosedependent. This is similar to what has been found for other complex diseases.
49,50
Current Understanding of Pathologic FLT1 Function
The current neovascular AMD treatment paradigm is centered largely on VEGFA inhibition, as the VEGF pathway is central to AMD pathophysiology. 19, 57 Analysis and therapeutic targeting of VEGF pathway meditators is an evolving area of investigation. FLT1 is a receptor tyrosine kinase that, in concert with its FIGURE 1. sFLT1 interaction with FLT1 SNPs and Neovascular AMD. Serum was obtained from the discovery cohort and soluble FLT1 levels were determined using ELISA. Statistical analysis was performed for the interaction between each FLT1 SNP, sFLT1, and neovascular AMD. The interaction P for SNPs rs7324510 (A) and rs9943922 (B) demonstrate significance between these three variables. In patients with these SNPs, serum sFLT1 were elevated in patients with two risk alleles.
counterpart KDR, mediates the process of angiogenesis within this pathway. 58, 59 Functionally, FLT1 has been shown to modulate new vessel growth from existing vasculature, maintain endothelial cells, and promote vascular permeability in response to several ligands within the VEGF family. 60 Despite the fact that FLT1 and KDR share high sequence homology and bind many of the same ligands, it long has been believed that KDR is the primary receptor by which VEGF mediates angiogenesis. 61 Thus, FLT1 is viewed as less potent with regard to physiologic as well as pathologic angiogenesis and vascular permeability, and as such, is not classically felt to be a viable therapeutic target.
Accumulating evidence, however, suggests that FLT1 signaling has an important role in pathologic angiogenesis, mediated by not only VEGFA, but also placental growth factor (PlGF), a specific ligand for FLT1. [62] [63] [64] Recent work done in a laser-induced murine model of CNV as well as oxygen fluctuation mediated ischemic retinopathy and retinal neovascularization, demonstrated that antibody blockade of FLT1 resulted in suppression of choroidal and retinal neovascularization in a dose-dependent manner. 65 Interestingly, these findings were true for FLT1 as well as KDR inhibition individually. Furthermore, the efficacy was enhanced when the antibodies were used in combination, providing evidence that both receptors have a role in aberrant neovascularization. 65 In these same models of retinal neovascularization, antibody blockade of PIGF demonstrated similar findings. 66, 67 These data were substantiated in work using a laser photocoagulation model of CNV in the murine retina, which demonstrated a dose-dependent regression of established CNV following intraocular injection with anti-PIGF antibody. 68 Also, gene therapy with sFLT1 has been shown to be effective in a primate model of laser-induced CNV. 6 Thus, there is substantial backing for a role for FLT1 in pathogenesis and treatment of neovascular AMD.
Potential Significance of FLT1 SNPs
The functional significance of these novel AMD-associated FLT1 SNPs is unclear, as they fall within noncoding regions of FLT1, introns 4, 6, 9, and 10. Work with other diseaseassociated polymorphisms has demonstrated that noncoding SNPs may represent markers for tagged mutations or alter silencer or enhancer regions. 69, 70 Sequencing of the flanking exons and exon/intron boundaries in the discovery familybased cohort did not identify any coding SNPs or other variants that were associated with AMD; therefore, it does not appear that any of the five significant SNPs tag for any functional mutations. Furthermore, it is unclear whether these SNPs contribute to the overall regulation of FLT1 expression. Serum analysis of individuals within this same cohort demonstrates no significant difference in sFLT1 levels in the serum of related individuals with or without AMD (Table 3 ). However, significant interaction seen was between sFLT1 and FLT1 SNPs rs9943922 and rs7324510 (Table 3) . Specifically, there was elevated sFLT1 in the serum of controls who had one or more copies of the risk allele, and most notably, those homozygous for the risk alleles of FLT1 SNPs rs9943922 and rs7324510 (Fig.  1) . One interpretation of this is that elevated sFLT1 protects those normal subjects from the AMD risk conferred by these risk alleles at SNPs rs9943922 and rs7324510. This is consistent with the known biologic function of sFLT1 as an angiogenic antagonist. The level and translated form of FLT1 within the retina is not known for patients with these significant FLT1 SNPs. Further, the role of systemic sFLT1 in patients with neovascular AMD also is not known. Animal models of laser-induced CNV do demonstrate upregulation of VEGFR1 at the level of the CNV lesions, though to our knowledge there are no data regarding serum FLT1 analysis in animal models of neovascular AMD. 65 Analysis of the specific effect of these SNPs on systemic and retinal FLT1 expression, with regard to quantity and mature protein form, is an important future question.
In silico analysis is an important screening tool for prediction of functional consequence when changes are found at the DNA level. Our in silico analysis revealed potential splice site alterations within introns 10, 4, and 6. Specifically, the presence of the minor allele for SNP rs9508034 within intron 10 alters a constitutive acceptor site resulting in slightly decreased activity. This analysis also demonstrates formation of a novel acceptor site formation within intron 4 in the presence of rs9513115. Finally, presence of the minor allele for SNP rs7324510 is predicted to create a novel donor and acceptor splice site within intron 4. Our in silico analysis of RNA secondary structure demonstrated that each of the five significant FLT1 SNPs alters potential folding. This may alter RNA function in a number of ways; one important consideration is the possible change in production of noncoding RNA (nc-RNA). Recent data suggest that noncoding SNPs can result in functional changes through changes in nc-RNA structures. 71 The decrease in energy required for folding in three of the five FLT1 SNPs favors this hypothesis, as decreased folding energy, presence of specific RNA conformations, and evolutionary sequence conservation are critical factors for expression of known nc-RNA. 71 Though there are no known noncoding RNA structures within the introns containing the significant FLT1 SNPs, the predicted secondary RNA conformations for minor allele sequences makes this an intriguing possibility. Further work, including RNA-seq analysis and functional assays, is needed to more fully characterize the implication of these polymorphisms on RNA structure, protein expression, and function.
Each of the five FLT1 SNPs identified within our cohorts has been described previously in the literature, although to our knowledge this study is the first to show genetic association between FLT1 SNPs and AMD. SNP rs2281827 has been found to be associated with retinal arteriolar caliber. 72 Hypertension and hyperlipidemia, both of which alter arteriolar caliber, are known risk factors for development of AMD. 1, 73 Therefore, further work to understand the role of this FLT1 SNP may increase our understanding of disease pathogenesis as it relates to established risk factors. In addition, three of the five FLT1 polymorphisms we describe here, rs9513115, rs9943922, and rs9508034, have been associated with the development of breast cancer, a disease that has been treated clinically with anti-VEGF therapies as angiogenesis is fundamental to its pathogenesis. 74, 75 Thus, the influence of these polymorphisms on FLT1 expression and/or function may not be confined to AMD pathogenesis.
Taken together, our data supported the idea that genetic variation in VEGFA and KDR is not associated significantly with the presence of neovascular AMD pathology. To substantiate this further, we assessed variants suggested to be associated with neovascular AMD in the literature. While initially significant in our study, polymorphisms in KDR (rs1531289) and VEGFA (rs833061), previously associated with AMD risk, did not remain significant after meta-analysis in our cohorts. 28, 33 Furthermore, analysis of AMD-associated VEGFA SNPs rs13207351, rs1570360, rs2010963, rs1413711, rs833070, rs735286, rs3025020, rs3025021, rs3025039, and rs3025033, 32, 40 and coronary heart disease-associated KDR SNP rs1870377 41 also showed no association in our cohorts. Interestingly, like in our study, Churchill et al. 27 found no association between single SNPs in the VEGFA 5 0 UTR/ promoter and AMD. Conversely, they did find association between AMD and a 5-SNP haplotype, including tagging SNPs overlapping with those investigated in our study, spanning the entire VEGFA gene, while in our study we found no haplotype in VEGFA more significantly associated with AMD than any single SNP.
FLT1 May Be Regulated by Nr2e3 Within AMD
Data presented here further supported a role for FLT1 in AMD pathogenesis, and, thus, increases the possible significance of FLT1 genetic variation. Though suggested in the literature, the mechanism for FLT1 regulation in AMD is not clear. Our work has identified a response element site in the 5 0 untranslated region of murine FLT1 which binds Nr2e3. Prior work demonstrates that Nr2e3 may regulate genes involved in AMD pathogenesis. Therefore, FLT1 is now placed in a nuclear hormone receptor-modulated AMD transcriptional network. 56 Further work, including RNA-seq analysis and functional assays, is needed to characterize more fully the implication of these polymorphisms on RNA structure and role of FLT1 in the overall pathogenesis of neovascular AMD.
Summary
The role of genetic variation in AMD risk is important with diagnostic, prognostic, and treatment implications, and current understanding of AMD risk due to genetic variation in VEGF pathway genes is incomplete. Although these SNPs do not have clear functional consequences, a number are suggested based on in silico analyses, known gene associations, and identification of these FLT1 SNPs within the context of AMD and other disease pathogenesis (Table 4 ). The strongest data linking response to anti-VEGF treatment and VEGF pathway SNPs support our findings that these are significant diseaseassociated SNPs within FLT1 and this may influence development of disease as well as treatment response. Finally, we also showed potential regulation of FLT1 expression by Nr2e3 through binding of a regulatory domain. Taken together these data demonstrate that FLT1 may have an important role in AMD pathogenesis. Current therapies do not specifically account for the role of FLT1 in AMD. Further elucidation of the functional role for significant FLT1 variants will aid in efficacious therapeutic FLT1 targeting. Importantly, FLT1 variants identi- fied in our work are significant across multiple ethnic backgrounds and, therefore, therapeutic strategies using these data may be applicable globally.
